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This f i n a l  report  cons is t s  of two p a r t s .  Part  A, "Bubble Growth 

Parameters i n  sa tura ted  and Subcooled Nucleate Boiling'', w a s  prepared 

by Thomas R .  Rehm, former Project Supervisor. Part  B. "Bubble Growth 

Study i n  Nucleate Boiling", w a s  prepared by C .  W .  Chiang, current  Project  

SllnPrT'i::nr. 

The study of Part  A i s  based on t h e  analysis  of  sample bubbles 

generated i n  the  conventiona,l type of bo i l ing  equipment with th ree  

d i f f e ren t  l i qu ids ,  namely, water, and water solut ions of ' sucrose '  and 

'propanol ' .  

The study of Par t  B i s  based on the  analysis  of a s ingle  bubble 

ind iv idua l ly  generated by the  use of a l a s e r  beam on a t i n y  thermocouple 

or a t h i n  f l a t  p l a t e  submerged i n  water. The report  concerning t h i s  

phase of t he  study has been submitted t o  the  American I n s t i t u t e  of 

Chemical Engineers i n  the  form of a paper for possible  presentat ion 

a t  the  Bubble and Drop Phenomena Technical Session t o  be held art S a l t  La.ke 

Ci ty  i n  May, 1967. 
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T a r i  A 

BUBBLE GROWTH PARAMETERS I N  SATURATED 

AND SUBCOOLF,D NUCLEATE BOILING 



I 
i 1 

I. INTRODUCTION 

rnl 
L u i s  repurL. cwceriis iile discussion of the  work c a r r i e a  out 

under Par t  A of NAXA Research Grant No. NGR 06-004-035. 

of t h i s  port ion of t h e  research w a s  t o  extend work done under a 

previous contract ,  dealing with t h e  nucleate boi l ing  of water, t o  

f l u i d s  which have v i s c o s i t y  and surface tension l e v e l s  s i g n i f i c a n t l y  

d i f fe ren t  than water. These f l u i d s  were a sucrose-water solut ion 

containing approximately 60 weight per cent sucrose, and a normal 

propanol-water so lu t ion  containing e s s e n t i a l l y  one per cent weight 

n-propanol. Throughout the  remainder of the  repor t  these solut ions 

w i l l  be r e f e r r e d  t o  as  'sucrose'  and propanol ' ,  respect ively,  with 

water meaning pure d i s t i l l e d  water. These solut ions were se lec ted  

because they exhibi ted only one change i n  property a t  a t ime. That 

i s ,  sucrose had a. v i s c o s i t y  many times t h a t  of wa.ter but e s s e n t i a l l y  

similar values f o r  i t s  surface tension and density,  whereas propanol 

had a surface tension only one-third t h a t  of water while maintaining 

t h e  same v i s c o s i t y  and density.  The analysis  of bubble h i s t o r i e s  for  

these  two solut ions when compared t o  bubble h i s t o r i e s  f o r  water leads 

t o  an evalua,tion of t h e  e f fec t  of surface tension and v i s c o s i t y  on 

bubble behavior. 

The object ive 
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It must be mentioned at this time that the bubbles investigated 

here were obtained by boiling on a heating surface which had a 

large number of randomly distributed nucleation sites. As a re- 

sult the conclusions made in this report may differ sharply with 

data obtained from artificial, single site boiling experiments. 
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I1 TECHNICAL DISCUSSION 
c 

Pr io r  work i n  boi l ing  has been concerned with the mecha- 

nisms or' tubbit: Eurii-tiiiii, gr~xth,  ond zepareticn t r ?  h ~ t h  

sa tura ted  and subcooled conditions.  Much of t h i s  work has been 

of a t heo re t i ca l  nature  such a s  t h a t  of Zuber (1) and other8 

( 2 ,  3) and has assumed t h a t  t h e  bubble shape is spher ica l .  Pre-  

vious work by Rehm (4) and others  (5 ,  6) has conclus€vely shown 

t h a t  t h i s  i s  not t he  case for  pure water. A question was r a i s e d ,  

though, concerning the  behavior and shape of bubbles formed i n  

l iqu ids  having physical propert ies  d i f f e r e n t  than water. 

An examination of the  forces considered t o  be ac t ing  on 

bubbles w i l l  help i n  indicat ing the r e l a t i v e  importance of the  

magnitude of the physical propert ies  of the l i qu ids  used i n  

boi l ing  research. The most obvious force  ac t ing  on a bubble 

is t h a t  due t o  buoyancy. T h i s  force is  ca lcu la ted  from 

Where Vb is the  t o t a l  bubble volume and Vc i s  the volume of 

the  bubble contained i n  the cy l ind r i ca l  eect ion located above 

the  region of contact  between the bubble and the  heating surface.  

Thus the  e f f e c t i v e  port ion of the  bubble acted upon by gravi ty  

causing removal from an upward facing sur face  may be very small. 

The use of t h i s  p a r t i a l  volume is based on the  conclusion 

reached by Johnson, e t  a l ,  (5) t h a t  the micro-layer of l iqu id  
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i n i t i a l l y  found between the  vapor bubble and t h e  surface evapo- 

rates very rapidly leaving a dry area underneath the  bubble. 

such, when the  area of attachment approaches the  projected area 

of the  maximum horizontal  bubble diameter the magnitude of the 

buoyant force  is q u i t e  small. 

of the  l i qu id  dens i ty ,  

mination of t h e  ove ra l l  force balance. 

As 

For t h i s  s i t u a t i o n  the  magnitude 

, plays only a minor pa r t  i n  t he  de t e r -  e, 

I n  the i n e r t i a  force  term, t h a t  i s ,  

d /- \ 

where U i s  the  bubble center-of-mass ve loc i ty ,  and d i s  a shape 

f ac to r  varying from 0 .5  t o  1.0,  the l iqu id  densi ty  is t he  only 

physical property d i r e c t l y  involved. Since the  densi ty  w a s  

e s s e n t i a l l y  t h e  same f o r  the  bubbles formed i n  water, sucrose,  o r  

propanol, no v a r i a t i o n  due t o  densi ty  alone should be de tec tab le .  

However, t he  magnitude of the bubble volume and bubble ve loc i ty  

i s  influenced s i g n i f i c a n t l y  by the  v i scos i ty  and sur face  tension 

of t he  l i q u i d ,  and as a consequence the i n e r t i a  force is  af fec ted .  

Two force  terms which are s t rongly influenced by' t h e  magnituae 

of the  sur face  tension are t h e  preseure force nnd n1~rf l - c~  ter?_sim 

force.  The pressure force i s  

where Db i o  the  bubble attachment diameter, Rt  is the  rad ius  of 
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a sphere tangent t o  the  top of the  bubble and 6 sat is the  value 

of t he  vapor-liquid sur face  tension a t  t he  bo i l ing  temperature of 

t h e  l i qu id .  The sur face  tension force  i s  

= D ~ T ~  d s a t  s i n  fl Fs 

where fl is the  angle between the  horizontal  heating surface and 

the  tangent t o  the  bubble surface a t  t he  base. A t  f i r s t  glance 

i t  appears t h a t  both of these forces  are d i r e c t l y  proportional 

t o  t h e  surface tension, however, t he  base diameter i t s e l f  is 

dependent on the  sur face  tension so t h a t  both these forces  are 

complex functions of the  magnitude of t h e  sur face  tension. 

The v i scos i ty  of the l iqu id  become6 important i n  the  vis-  

cous force  expressed by 

Fv -fl@p 6 DhU 
gC 

( 4 )  

where (3 is a f a c t o r  r e l a t i n g  the port ion of the bubble a f fec ted  

by the  re la t ive  motion between the vapor bubble and the  surround- 

ing l i qu id ,  and /c.' is the v i scos i ty  of the  l i qu id  a t  the bulk 

l i q u i d  temperature. I n  previous work with water the  v i scos i ty  

has been so l o w  t h a t  i n  compatl.non with the e the r  fc rce  term 

the  viscous force  is negl ig ib le .  I n  addi t ion the magnitude of 

t he  re la t ive  veloci ty  t o  be used is i n  doubt because of t he  as 

y e t  not w e l l  understood behavior of t he  f l u i d  immediately adjacent 

t o  a forming and growing bubble. 
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A frame by frame analysis  of bubble behavior i n  sucrose 
c 

and propanol 8OlUtiOn when compared to a s imi lar  ana1ysi.s of 

water bubbles should c l a r i f y  to a c e r t a i n  extent  the inf luences  

f c 

of surface tension and v i s c o s i t y  on the above mentioned forces .  
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I11 EXPERIMENTAL 

The boi l ing  experiments ca r r i ed  out using sucrose and propanol 

so lu t ions  were performed i n  the  same apparatus and on the same heat- 

ing surface used i n  the  previously reported water experiments (4). 

Br ie f ly ,  the  heating surface was a nichrome s t r i p  0.005 inches 

th ick ,  0.080 inches wide, and 0.688 inches long, f inished with 

#GOO emery paper  and then polished using 2/0 emery pol ishing paper. 

The s t r i p  was imbedded i n  epoxy so t h a t  only the  upper sur face  

was i n  contact  with the  l iqu ids .  Heater power w a s  from a 6v dc 

automobile ba t t e ry  adjusted t o  give a nominal hea t  f l ux  of 50,000 

or  100,000 Btu/hr-f t  . 2 

The prepared sucrose o r  propanol so lu t ion  was put i n t o  the  

bo i l e r  apparatus and brought t o  sa tu ra t ion  condi t ions by means 

of hea t  added from a bulk heater .  These sa tu ra t ion  conditions 

were maintained f o r  some t h i r t y  minutes. 

condi t ion on the  s t r i p  heater  was then photographed using a 

Fa i r ch i ld  IS101 camera operating a t  a m a x i m u m  framing r a t e  of 

8000 frames/second. 

temperatures 10, 20, or 30 Fo below the sa tu ra t ion  temperature 

and photagrqhr! +,s!cer; a t  each eubcooiing. 

The sa tura ted  boi l ing  

The bulk l iqu id  was then allowed t o  cool t o  

Bubbles were then selected from each of the  100 foot  s t r i p s  

of movie f i lm  obtained fo r  each condi t ion of subcooling, l i q u i d ,  

and heat  f lux .  The bubble out l ine  was then t raced from a pro- 

j e c t i o n  arrangement giving an enlargement of some 50X. The t i m e  

c 
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dimension was obtained from 400 cps timing marks on the film 

strip. The dimensions of the bubble were then obtained from the 

t r o c l n g ,  Appropriate bubble parameters were then punched on to 

cards for data input to a Burroughs B5500 digital computer where 

a series of programs provided numerical output for center-of-mass, 

volume, velocity, acceleration, reduced-time, -volume, and 

-height, as well as the four forces and their sum for buoyancy, 

surface tension, pressure, and inertia. 

The sucrose solution was prepared by mixing together weighed 

amounts of doubly distilled water and food grade sugar. Its 

actual composition was determined by obtaining its refractive 

index and then its weight per cent from data tabulated in the 

literature (7). During the experimental boiling runs a 10 cc 

sample of sucrose solution was taken immediately after each photo- 

graphic run so that actual solution conditions would be known. 

The viscosity was obtained by cross-plotting the data from tables 

in Perry (8) as a function of the weight per cent composition. 

The propanol solution was made by placing a known weight of 

double-distilled, degassed water into the boiling apparatus, 

sealing the apparatus except for a condensor outlet, ~ i !  tho,= 

adding sufficient reagent grade normal propanol t o  ma1.e a 1.0 

weight per cent mixture of n-propanol in water. 

then brought to a boil and by the boiling action became thoroughly 

mixed. 

The mixture was 

The condensor arrangement essentially prevented loss of 



the more v o l a t i l e  propanol during the experimental boi l ing  pro- 

cedure. 

The experimental conditions during the sucrose and propanol 

runs are shown i n  Table I i n  terms of the range of l iquid proper- 

ties as compared to the water runs reported previously.  
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TABLE I 

Range of Experimental Conditions 

2 
Heat flux 
Bt u/hr - f t Liauid 

Sucrose 50,000 

100,000 

Propanol 50,000 

65,000 

100,000 

Water 50 , 000 

100,000 

Subcooling 
F0 

1.5 
11.7 
21.4 
31.4 

1.1 
11.6 
20.9 
31.1 

0 
10.3 
18.0 
28.0 

0 
10.0 
20.0 
30.0 

0.1 
10.1 
20.1 
30.0 

0.6 
10.0 
20.4 
3 0  A 
- 4 . ”  

Viscosity 
CD 

3.7 
4.3 
4.8 
5.7 

4.4 
5.0 
5.7 
6.6 

0.31 
0.33 
0.35 
0.37 

0.31 
0.32 
0.35 
0.38 

0.30 
0.32 
0.34 
0.36 

0.30 
0.32 
0.34 
n-36 

Surface 
tens ion* 
e r v s / cm2 

64.2 
I 1  

I) 

11 

64.2 
I 1  

II 

11 

19.3 

19.3 
I 1  

11 

19.5 
11 

I 1  

II 

59.8 
I 1  

II 

11 

59.8 
I t  

11 

11 

Number 
of bubbles 
analyzed 

2 
2 
2 
1 

1 
5 
3 
3 

3 
2 
2 
3 

2 
3 
3 
3 

2 
2 
2 
2 

2 
2 
2 
2 

* At boiling point of liquid 
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IV RESULTS 

The bubble s i z e  d a t a  obtained from the enlarged t rac ings  

were used t o  obta in  volumes by the  method of summation of c i r -  

cu l a r  d i sc s .  Thus the volume of each bubble was obtained a t  each 

frame t i m e .  

was a l s o  obtained. A p lo t  of t h i s  raw d a t a  f o r  volume or  height 

versus t i m e  from bubble formation resu l ted  i n  some s c a t t e r  about 

a reasonably smooth curve. Therefore a least squares f i t  t o  the 

volume versus t i m e  and height versus t i m e  da ta  was made using a 

s i x t h  order f i t .  These expressions were then used t o  obtain the  

bubble ve loc i ty  and acce lera t ion ,  as well  as the  t i m e  r a t e  of 

change of bubble volume. This ca lcu la ted  da ta  was then used t o  

give the individual  forces  a t  each frame t i m e  f o r  a l l  the  sucrose 

and propanol bubbles l i s t e d  i n  Table I .  

of a l l  these r e s u l t s  is i n  the possession of the  author from whom 

se lec ted  d a t a  may be obtained by request ( 9 ) .  

I n  the  same process the bubble center-of-mass pos i t ion  

The d i g i t a l  p r i n t  out 

The r e s u l t s  of the ca lcu la t ions  indicated a wide range of 

maximum bubble volume, bubble he ight ,  and length of t i m e  f ron  

bubble formation t o  separat ion from the  surface.  As such, a 

comparison of huhhle  behavior made un accuai s i z e ,  height ,  and 

t i m e  tended t o  be inconclusive. This d i f f i c u l t y  is p a r t i a l l y  

handled by using the  separat ion conditions as a basie  and then 

making the condi t ions a t  a l l  other points  n r a t i o  of the  separa- 

t i o n  values .  Thus f o r  bubble time the reduced var iab le  become8 
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e 
P 

separat ion 

f o r  reduced volume 

v 
m 

'r ' separat ion 

and f o r  reduced height 

h 
6 -  

hr h separat ion 

(7) 

An indica t ion  of the s c a t t e r  obtained from the  expertmental 

d a t a  is  shown i n  Fig.  1 i n  which the  length of time of bubble 

attachment is p lo t ted  versus l i qu id  subcooling. 

The trend of the reduced volume and reduced height as  a func- 

t i o n  of reduced t i m e  i s  shown i n  Figs .  2 and 3. The bubbles used 

i n  these f igurea were selected because a l l  th ree  had almost the  

same value fo r  t h e i r  maximum volumes. Similar  r e l a t ions  a r e  

obtained for bubbles of other volumes ind ica t ing  t h a t  the reduced 
f c 

parameter approach is a va l id  method of overcoming the  s c a t t e r  i n  

the values of ac tua l  volume, he ight ,  and l i f e t ime .  

The cumulative a f f e c t s  of l i qu id  proper t ies  on the forces  

i s  shown by a force  suxmnation versus time as presented i n  Fig. 4 

fo r  the same three  similar m a x i m  volume bubbles as used previ-  

ously. Again these  are typ ica l  r e s u l t s  which hold i n  general  for  

bubbles having non-similar volumes. 
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V I 
V 

1 I 
I 

0 10 2 0  30 
0 

Subcooiing, cub , F" 
Figure I .  Comparison of bubble l i f e t i m e s  for water, 0 ,  

sucrose, v, and propanol, o ,  for  heat  f l u x e s  of 
50,000 (open),  and 100,000 (solid) B t u / h r - f t 2 .  
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6-4-4 6.53 
17-S-3 6.31 
23-P-I 6.48 

\ 

\ \ 
\ \ 

0 0.2 0.4 0.6 0.8 1.0 I .2 
Reduced time, 

Figure 2. Comparison bet ween red uced volume 

= 2 0  F o  and q / A  = 100,000 Btu/hr-ft2 
and time for bubbles having similar maximum volumes 

at Tsub 
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I .4 

1.2 

b 
Q, 0.6 

0.2 

0 - 
0 

6-4 -4  0./90 
/7-s-3 0. /28 
23-P-/ 0.097 

C .o 

1.2 

Figure 3. 
for bubbles having similar maximum volumes a t  

q / A  = IO0 ,OOO Btu/hr - f t2 .  'sub 

Comparison between reduced height and time 

= 2 0  F" and 
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\I 1 I 1 I I 

1 

I I1 

I *  
1 I I 1 

0.2 0.4 0.6 0.8 1.0 1.2 
Ueduced t ime, er 

Figure 4.  Comparison between summation of forces for 
bubbles having similar maximum volumes at  

Tsu b = 20 F" and q / A  = 100,000 Btu/hr - f t2 .  
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A typ ica l  force versus reduced t i m e  p lo t  fo r  a sucrose 

bubble is shown i n  Fig. 5 ,  where the r e l a t i v e  magnitudes of the 

var ious forces  can be seen. Again t h i s  is t yp ica l  of the force-  

time p lo t s  for  other  bubbles. 

I f  all the  bubbles f o r  a p a r t i c u l a r  l i qu id  regardless  of the  

subcooling or  hea t  f l ux  are averaged together the  r e s u l t s  shown 

i n  Table XI are obtained. 

Again because of the  wide range of bubbles observed the  re- 

s u l t s  shown here are only se lec t ions  t o  represent  t rends.  A 

de ta i l ed  analysis  of each bubble i n  comparison with others  is 

needed t o  obtain a more quan t i t a t ive  measure of the inf luence of 

l iqu id  proper t ies  on bubble behavior. Such an ana lys i s  is beyond 

the scope of t he  cur ren t  research pro jec t .  Future plans,  however, 

are aimed a t  obtaining these quan t i t a t ive  co r re l a t ions .  

I c 
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- I  5( 

Bubble 17- S -3 

F I d 

.. . Cfb . . . . . . . . . 

I 0.2 0.4 0.6 0.8 1.0 

Reduced t i m e ,  er 
Figure 5. Force - t i m e  p l o t  for a typical sucrose 

bubble. 
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TABLE I1 

Average Bubble Parameters 

L i q u i d  
Parameter - Water Sucrose Propanol 

e,,  msec 9 . 5  5 . 2  6 . 9  

18.9 1 1 . 4  15 .2  h,, c m  x 1 0  

v ~ ,  0 3  x lo3 3 . 6 4  2 . 9 4  8 .27  

8 . 5 2  5 .20  13 .62  

2 

3 v,, em3 x 10 

A CP 0 .34  5 . 1  0 . 3 4  

66 66 20 6, ergs/cm 2 
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V DISCUSSION 

The wide range in bubble parameters observed at a given set 

of experimental conditione makes any quantitative correlation fnr 

the affects of surface tension and viscosity on bubble behavior 

essentially impossible until more bubbles are analyzed by the 

frame-by-frame procedure used here. 

discussion will be of a qualitative nature. 

As a, result the following 
c 

Examination of the bubble attachment time for various sub- 

coolings, as shown in Fig. 1, indicates conclusively that shorter 

attachment times are obtained for the larger subcoolings. 

water and propanol this is associated with a significant decrease 

in bubble size. However, ~ucrose bubbles have essentially the 

same maximum volume regardless of eubcooling. Thus the shorter 

bubble attachment time for sucrose bubbles at the larger subcool- 

ings is apparently due solely to the viscous properties of the 

liquid. This is partially explained from the observation that 

the volume of the sucrose bubbles is only 50 to 60 per cent that 

of the smaller water bubbles. The additional force needed to 

push the more viscous sucrose away from the growing bubble accounts 

for this, leaving lees of the gross amount of energy available to 

the bubble expansion and growth process. 

For 

The sharp decrease in attachment time with subcooling for 

the propanol bubbles is explained by the ease with which bubbles 

can form in a low surface tension liquid. At saturated conditions 



propanol bubbles are on the average 1 . 7  times the volume of water 

bubbles, ind ica t ing  t h a t  more of the  gross bubble energy i s  ava i l -  

able  f o r  expansion against  the reduced surface res i s tance .  

i s ,  i f  sur face  tension is cnnal8ert5, ~ i l i  ii shouid be, as the  

That 

measure of t he  amount of work needed t o  c rea t e  a given amount of 

new surface area, i .e.  having u n i t s  of erge/cm 2 , then i t  i s  obvious 

t h a t  the  surface area fo r  low sur face  tension s i t u a t i o n s  should 

be grea te r  than f o r  high sur face  tension e i tua t ions .  Comparison 

between the proper t ies  of water and propanol so lu t ions  bears t h i s  

ou t ,  with a three-fold decrease i n  Surface tens ion  giving a 1 . 7  

increase i n  volume ( t h i s  i s  approximately *which br ings i n  

t h e  r e l a t i o n  between spher ica l  sur face  area and volume). 

For the subcooled cases  the bubble expands with such ease 

t h a t  i t  e a s i l y  penetrate8 through the  superheated l i qu id  layer  

adjacent  t o  the  heat ing surface.  I n  so doing the  upper port ion 

of the  bubble i s  exposed t o  subcooled l i qu id  and heat  t r ans fe r  and 

condensation occur causing a reduction i n  bubble volume. Naturally 

ao t he  subcooling increases  t h i s  process is more pronounced so 

t h a t  very small bubbles a r e  observed more of t en  than i n  water o r  

sucrose a t  similar subcoolings. 
f c 

It is  w e l l  t o  recall a t  t h i s  t i m e  t h a t  the  r e s u l t s  reported 

he re  are for bubbles of Type 1. Bubbles forming on a boi l ing  

su r face  can be of four types ( l o ) ,  namely Type 1 i n  which bubbles 

nuc lea te ,  grow, and separate  i n  undisturbed l i q u i d ,  Type I1 where 
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t he  bubbles come from a s ing le  s i t e  a t  a r egu la r ,  f ixed r a t e ,  

Type I11 i n  which the  bubbles nucleate and grow but remain attached 

t o  the  surface f o r  long periods of t i m e ,  and Type I V  bubbles which 

coalesce and form l a rge  complex bubbles and are e s s e n t i a l l y  i m -  

possible  t o  analyze. 

t o t a l  number of bubbles produced i s  perhaps only one per hundred 

f o r  the boi l ing conditions encountered i n  t h i s  research. 

I1 bubbles were observed i n  viewing perhaps some 25,000 bubble 

inc idents .  

The r a t i o  of Type 1 bubbles observed t o  t h e  

No Type 

The behavior shown i n  Fig. 2 i n  which the reduced volume f o r  

t he  propanol bubbles is approximately th ree  times t h a t  f o r  water 

can a l s o  be explained by the ease with which bubbles can grow 

and penetrate  t he  superheat layer  i n  l o w  sur face  tension l i qu ids .  

The sucrose bubble is lower than the  bubble formed i n  water be- 

cause of the  retarding a f f ec t  the more viscous l iqu id  has on 

bubble motion. As such t h e  sucrose bubble volume a t  separat ion 

is  e s s e n t i a l l y  only one ha l f  t h a t  of t he  m a x i m u m  volume fo r  these 

conditions.  

f o r  bubbles which have the  same volume a t  separation. 

Similar posit ions f o r  the Vr vs 8, curves are obtained 

The reduced height an A fiinctinn nf redurerl t h e  s h ~ v r ~  i~ 

Fig.  3 is f o r  the  same bubbles as used i n  Fig. 2 i n  which the  

th ree  bubbles had s imilar  maximum volumes. Here i t  can be seen 

t h a t  t h e  propanol bubble is  i n  a much higher pos i t i on  than t h e  

sucrose or water bubbles during the  f i r s t  half  o r  so  of i t s  l i fe t ime.  
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This again substantiates the easy growth explanation in low sur- , 

face tension liquids. The curves shown in Fig. 3 are typical of 

all the bubbles analyzed, a difference being noted only for 

different subcoolings. 

The comparison between the algebraic sum of the removal and 

retentive forces for the previously mentioned bubbles is shown 

in Fig. 4 .  

relatively difficult, if not impossible, to draw any valid con- 

clusions, since the net force plot for other bubbles may be widely 

different than as shown here. 

the four forces associated with buoyancy, inertia, pressure, and 

surface tension are insufficient to account for bubble behavior. 

Note that for all three of these bubbles the calculated net re- 

moval force is negative at the time separation occurs, when 

physically it should be at least zero if not indeed positive. 

Two explanations are possible, the viscous force in some way plays 

an important role in the force balance (it has not been included 

in Fig. 4 because of lack of experimental data needed to calculate 

it) or that in the inertia force the shape factor, o( , is much 
less than unity. Additional experimental work will be required 

to elucidate this force balance anomaly. 

The variation in observed bubble parameters makes it 

What can be said, hoyever, is thzt 

The relative magnitudes of the various forces associated 

with buoyancy, inertia, pressure, and surface tension are shown 

in Fig. 5. It can be Been that the buoyancy force is entirely 



i n s ign i f i can t  throughout t h e  bubble l i f e t ime  as postulated i n  

sec t ion  I1 of t h i s  repor t .  

tension force  is a resul t  of va r i a t ions  i n  the base diameter and 

contact  zr?gle a d  hUs been observed f o r  most bubbles i n  water 

and propanol as w e l l .  

i s  reasonably l a rge  pa r t i cu la r ly  for  the i n e r t i a  force, however, 

the general  trend of the force p l o t s  for  a l l  t he  bubbles analyzed 

ie as shown fo r  the  sucrose bubble presented here.  

The wavey nature  of the sur face  

The e r r o r  i n  the  magnitudes of these  forces  

The inf luence of the heat f l ux  a t  the  heater  s t r i p  sur face  

has l i t t l e  s ign i f lcance  on bubble behavior. Small bubbles and 

l a rge  bubbles are obtained a t  both heat  f luxes i n  a l l  the f l u i d s  

invest igated,  The only not icable  a f f e c t  of hea t  flux was t h a t  

i n  sucrose no bubbles could be obtained at a heat  f l ux  of 50,000 

2 Btu/hr-f t  

heat  flux to 65,000 Btu/hr-ft  

similar t o  t h a t  obtained under o ther  experimental conditione.  

Although the  above discussion ha8 been q u a l i t a t i v e  i n  na ture  

and a subcooling of 30 Fo. However, an increase i n  

2 did  produce boi l ing  which was 

it has brought out the  influence of v i scos i ty  and p a r t i c u l a r l y  

sur face  tension on the  behavior of bubbles produced i n  sa tura ted  

and subcooled nucleate  boi l ing.  



VI CONCLUSIONS 

I _ -  

The spec i f i c  conclusions enumerated here  have been obtained 

from the analysis  of numerous p l o t s  of bubble da t a  obtained i n  

water, sucrose and propanol. Many of these conclusions are 

presented without explanation of t h e i r  cause. 

1. Sucrose bubble l i f e t ime  is  only 40 t o  50 per  cent  t ha t  

of water fo r  a l l  subcoolings. 

2.  Propanol and water bubbles have s imi l a r  l i f e t imes  a t  

saturated condi t ions,  however, a t  10 Fo subcoolings the  

propanol l i f e t ime  has decreased by 30 per cen t ,  and a t  

20 and 30 Fo i t  has decreased by 50 per cent  over t h a t  

fo r  water. 

3 .  For propanol an increase i n  hea t  f l ux  from 50,000 t o  

2 100,000 Btu/hr-f t  

only 10 to  15 p e r  cent a t  a l l  subcoolings, while f o r  

water and sucrose the reverse  seems t o  be the trend. 

For subcooled bubbles propanol gives bubbles with a 

volume from 2 . 3  t o  6.0 t i m e s  t h a t  f o r  water bubbles a t  

the same bubble time, while sucrose gives bubbles only 

two-thirds t h e  s i z e  of water bubbles. 

reduces average bubble l i f e t ime  by 

4 .  

5. Maximum volume is reached a t  e s s e n t i a l l y  the  same time 

for  subcooled bubbles of similar s i z e  i n  water, sucrose,  

and propanol, however, a decrease i n  time t o  reach 

maximum volume by a f ac to r  of 4 . 3  i s  associated with 
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a decrease i n  maximum volume by a f ac to r  of approximately 

s ix .  

6. On the average sucrose and water bubbles have the same 

volume a t  separation. 

7. A t  s a tu ra t ion  propanol bubbles have separat ion volumes 

some two times grea te r  than water bubbles. 

8. Water and sucrose bubble maximum volumes and separa- 

t i o n  volumes a r e  e s sen t i a l ly  unaffected by subcooling. 

9 .  The reduced volume f o r  subcooled sucrose bubbles is 
f * 

some 50 per cent  less than t h a t  fo r  water during mid- 

1 i f  e t  i m e  . 
10. The reduced volume f o r  subcooled propanol bubbles i s  

some 1.8 t i m e s  g rea te r  than f o r  water during the  middle 

of t he  bubble l i fe t ime.  

11. A f i f teen- fo ld  increase i n  l iqu id  v i scos i ty  decreases 

maximum bubble volume an average of only 40 per cen t .  

1 2 .  A 3.3-fold decrease i n  sur face  tension increases  bubble 

m a x i m u m  volume an average of 60 per cent .  

No s ign i f i can t  e f f e c t  of the magnitude of the  hea t  f l ux  13. 

appears evident as t o  the  bubble s i z e ,  attachment t i m e :  

or force  analysis  for  bubbles of water, sucrose and 

propanol. 
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INTRODUCTiON 

Most experimental inves t iga t ions  1y2’3’4 i n  nucleate boi l ing  a r e  based on 

t h e  study of high speed photographs of many bubbles generated i n  a pool of 

sa tura ted  o r  subcooled l i qu ids .  

hundreds i s  chosen t o  be analyzed, t he  growth r a t e  during and after t h e  

i n i t i a l  growth shape may be cor re la ted  with some important parameters,. 

such as surface tension,  v i scos i ty ,  i n e r t i a ,  t h e  surface condi t ion of t h e  

heat ing surface,  etc. 

conditions.  

Usually one p a r t i c u l a r  bubble out of 

Heat t r ans fe r  may a l s o  be evaluated under var ious 

Most a n a l y t i c a l  r e s u l t s  5 ~ ~ 9 7 9 ~  are considering t h e  bubble t o  be p e r f e c t l y  

spher ica l ,  then t h e  Rayleigh o r  extended Rayleigh equation i s  t o  be solved 

t o  give t h e  dynamics o f  t h e  bubble growth i n  terms of various parameters 

such as surface tnesion,  v i scos i ty ,  and i n e r t i a ,  e t c .  Heat balance equations 

may a l s o  be w r i t t e n  f o r  t h e  bubble t o  evaluate  t h e  r a t e  of hea t  t r a n s f e r .  

Ult imately t h e  a n a l y t i c a l  and experimental r e s u l t s  are t o  be co r re l a t ed  

such t h a t  t h e  basic  important parameters can be t i e d  i n t o  t h e  bo i l ing  hea t  

t r a n s f e r  and t h e  bubble growth dynamics i n t o  deduced usable forms for 

p r a c t i c a l  appl ica t ions .  

The assumption of t he  sphe r i c i ty  o f  t h e  generated bubbles i n  conventional 

bo i l i ng ,  namely, t h e  bubbles generated from t h e  heated f la t  surface,  i s  

not  a t  a l l  very good, e spec ia l ly  during t h e  i n i t i a l  growth phase of t h e  

bubble, t h i s  i s  due t o  t h e  cha rac t e r i s t i c s  of t h e  heat ing surface.  Further-  

more, t h e  s ing le  bubble chosen t o  be analyzed as i n  t h e  experimental r e s u l t s  

does not represent  a s ing le  bubble i n  an undisturbed la rge  medium of t h e  

l i q u i d .  

presence of  many other  bubbles generated before it as i n  t h e  case of t h e  

conventional bo i l i ng ,  

The hydrodynamics of one bubble i s  c e r t a i n l y  influenced by t h e  

1 
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APPROACH OF THIS STUDY 

It i s  the  in ten t ion  of t h i s  study t o  generate a s ingle  spher ica l  bubble 

by the  use of a l a s e r  beam i n  an undisturbed l i qu id  medium where the  

hydrodynamic influence of other bubbles i s  absent. 

t i o n s  of the bubble growth, p a r t i c u l a r l y  the  i n i t i a l  growth phase, may 

be obtained by d i f f e ren t  subcooled conditions,  energy inputs  and eventual ly  

various l i qu ids ,  through high speed photography of  s ing le  bubble growth. 

Experimental observa- 

I f  t h e  sphe r i c i ty  of t he  growing bubble i s  good, the  observed experimental 

growth r a t e  may be compared t o  the  a n a l y t i c a l  r e s u l t s  which are based on 

the  analysis  of a spherical  s ing le  bubble w i t h  no consideration of hydro- 

dynamic influence of other bubbles. 

In  order t o  maintain a spher ica l  geometry, a spher ica l  thermocouple of 

approximately .012" diameter was formed by welding two .003" iron-constantan 

wires together .  The thermocouple leads were connected t o  t h e  oscil loscope 

such t h a t  t he  milivoltage output versus time can be t r aced  after t h e  l a s e r  

beam h i t  t he  junct ion,  thus the  temperature h i s t o r y  of t he  thermocouple i s  

recorded. 
I 

The motive of t h i s  instrumentation i s  t o  provide a means of 

measuring t h e  heat ing surface temperature i n  addi t ion t o  t h e  spher ica l  

geometry. 

evaluated quant i ta t ive ly .  

The r a t e  of heat t r ans fe r  t o  the  bubble, hopefuliy, may be 

A second thermocouple was i n s t a l l e d  about 

.O25" distance apart  from the  f i r s t  one which was h i t  by t h e  laser beam, 

( the  thermocouple leads a re  a l s o  connected t o  the  oscil loscope) t h i s  

provides a means of measuring t h e  temperature i n  the  neighborhood of t h e  

i n t e r f a c e  between the  vapor and the  l i qu id .  

boundary layer  thickness around the  in t e r f ace  may be evaluated. 

Hopef'ully, t he  thermal 

A s i n g l e  bubble was i n i t i a t e d  on a t h i n  f la t  metal p l a t e  which was a c e n t r a l  

p a r t  of t he  bottom p l a t e  of t he  l i q u i d  container by t h e  use of a l a s e r  beam 

2 



h i t t i n g  t h e  t h i n  p l a t e  from underneath. A thermocouple was i n s t a l l e d  

about a d is tance  of .030" above the t h i n  p l a t e  i n  t h e  hope of measuring 

t h e  temperature of t h e  vapor i n  the bubble and i t lso t h e  temperature i n  

t h e  neighborhood of t h e  in t e r f ace  of t he  vapor and t h e  l i qu id .  

- .  . .  

Although some quan t i t a t ive  measurements have been made, these  only r e p r e - '  

sent  a r a t h e r  q u a l i t a t i v e  p i c tu re  of  a l l  experiments and serve as more or  

l e s s  a prelude of future research. The emphasis r i g h t  now i s  t o  see the 

f e a s i b i l i t y  of  t h e  i n i t i a t i o n  technique of a s ingle  bubble, p re fe rab ly .  

spher ica l ,  by t h e  use of a laser beam. Ultimately i n  t h e  fu tu re ,  

quan t i t a t ive  ana lys i s  a r e  t o  be considered f o r  many d i f f e r e n t  condi t ions.  

INSTRUMENTATION AND EQVrPMENT 

A b o i l e r  chamber cons is t ing  of a one-half-inch t h i c k  aluminum bottom plate 

containing a hea t ing  element and six-inch square g l a s s  sides was constructed 

f o r  purposes of th i s  study. A r a i sed  center  s ec t ion  provides f o r  the 

i n s t a l l a t i o n  of s p e c i a l  thermocouple f i x t u r e s .  A l a s e r  microposition 

was designed and f ab r i ca t ed  t o  be at tached t o  t h e  underside of t h e  chamber 

t o  permit accura te ly  pos i t ion ing  t h e  l a s e r  with respect  t o  the thermocouples. 

The set-up i s  shown i n  Figure 1. 

The laser 

j o u l e  at  a wavelength of 6943 angstroms. 

i s  a Hughes model 200 ruby with an output energy of about one - 

The output energy can be va r i ed  

by varying t h e  f i r i n g  voltage.  A t  1350 v o l t s  t h e  output i s  maximum a% 

about one jou le .  

at  about 900 v o l t s  a t  room temperature. 

The threshold voltage,  where t h e  l a s e r  just  operates ,  i s  

The output va r i e s  from zero t o  

one jou le  as t h e  exc i t a t ion  voltage i s  changed from 900 t o  1350 v o l t s .  The 

laser output i s  qu i t e  s ens i t i ve  t o  ambient temperature, and s l i g h t  va r i a -  

t i o n s  i n  output from shot t o  shot a r e  not uncommon. It appears t h a t  it 

would be advantageous t o  provide temperature con t ro l  and power monitoring 

3 
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f a c i l i t i e s  f o r  fu ture  work. 

The thermocouple output voltage was amplified by a s e t  of s i x  Kintel  D .  C .  

amplif iers  and recorded photographically with a Tektronix type 547 oscil loscope 

equipped with a Polaroid oscilloscope camera. 

w a s  f i l tered w i t h  a single s t a g e  R-C filter to eliminate frecpencies higher 

--\, 

The input t o  t h e  oscil loscope 

than about 5000 cycles.  

t h e  l a s e r  was f i r e d  by means of a t r i g g e r  pul-se derived from t h e  l a s e r  con- 

t r o l  system. 

The oscil loscope was t r iggered  a t  t he  same time 

The oscil loscope and amplif iers  are  shown.in Figure 2. 

A Beckman & Whitley Dynafax camera was used t o  photograph the  bubble growth. 

The camera was operated a t  25,000 frames per second with an exposure time 

of 1.25 microseconds per  frame. 

xenon f l a s h  tube mounted i n  a parabolic r e f l ec to r .  

I l lumination was provided by means of a 

The f l a s h  tube was 

p laced  behind t h e  chamber t o  back light t h e  bubble. 

then obtained with sharp edges which can be accurately measured t o  

A shadowgraph i s  

I 

dsternine growth r a t e .  The cai-iera-chaber setup i s  a l s o  sho-m i n  Figilre 1. . I  

A view of the  e n t i r e  control  system i s  shown i n  Figure 3. 

Test photos indicated t h a t  t he  f l a sh  lamp exposes 5 frames p r i o r  t o  i n i t i a t i o n  

of t he  l a s e r .  The l a s e r  beam i s  then on f o r  about 20 frames when operated 

a t  peak power. Most of t he  energy i s  del ivered within the  first 8 o r  10 

frames. 

t h e  f i f t h  and s i x t h  frame of the dynafax record. 

Thus it may be assumed t h a t  t he  oscil loscope t r a c e  s t a r t s  between 

Test shots made t o  de te r -  
I 

mine l a s e r  operating time were on Eastman #2475 f i lm.  Test runs were made ~ 

on T r i - X  f i lm,  which i s  insens i t ive  t o  the  l a s e r  l i g h t .  

EXPERIMENTAL RESULTS AND DISCUSSION 

Experimental Conditions 

A number of experimental runs were made under various conditions t o  determine 
I 

t h e  f e a s i b i l i t y  of using the  l a se r  system described previously f o r  i n i t i a t i n g  
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a s ingle  bubble. The experiments were performed under conditions a s  s t a t e d  

i n  the approach of t he  study a l l  i n  subcooled water. Various conditions f o r  

a number of experimental runs a r e  l i s t e d  i n  Table I. 

TABLE I. Conditions f o r  Experimental Runs 

Run No. 7 8 9 10 11 2A 3A 4A 5A 1B 1B 

Laser Voltage 1200 1200 1200 1200 1200 1050 1100 1150 1200 1350 1200 

Water Temperature 94 90 85 80 70 94 94 94 94 94 94 

T. C . ,  OF 565 225 225 225 T.C. 
Broken 

Typical bubble growth p ic tures  of t h e  first 12  frames are shown i n  Figure 4 

through 6. 

of 480 microseconds duration. 

The 1 2  frames represent t he  i n i t i a l  growth phase i n  a time per iod  

Figure 4 shows t h a t  a s ing le  bubble grew around a thermocouple junction a f t e r  

h i t  by the  l a s e r  beam. 

and the  l a s e r  voltage was 1150. 

run 4A.  

The temperature of t h e  water bath was kept at 94OC 

The p i c tu re  represents  t h e  experimental 

The sequence of the  bubble growth c l e & l y  shows t h a t  t h e  bubble 

i s  qui te  spher ica l  i n  shape except f o r  t he  f i rs t  two frames where one s ide  

of t h e  bubble i s  somewhat out of shape. 

r a t h e r  slow pace a f t e r  the 12th frame. After t h e  22nd frame the  bubble . 

begins t o  be oblong i n  shape and s tays  at about the  same s i z e  a f t e r  t he  

34th frame. 

The bubble keeps growing a t  a 

Corresponding t o  the  conditions se t  f o r t h  f o r  Figure 4, o r  t he  experimental 

run 4A. Figure 7 shows the  poloroid p i c tu re  of the  temperature t r a c e  of 

t h e  thermocouple h i t  by the  l a se r  beam and t h e  temperature t r a c e  of the  

second thermocouple about ,025-inch dis tance apart  from the  f i r s t  one. 

The peak temperature of t he  f i r s t  thermocouple i s  about 565OF with 5 mv. . 

a 
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per  cm. sca le .  This should represent t h e  surface temperature of t h e  

thermocouple. The temperature r i s e  from t h e  water temperature t o  about 

80 percent of t h e  peak value takes  about one mill isecond, t h e  time 

sca le  f o r  t h e  absc issa  being .5 mill iseconds pe r  cm. 

s idered  as t h e  time delay due t o  conduction through t h e  junct ion.  

& -v-ei-Y ei-iide cdlcii idtiu~l Lil t :  i i r n e  iap seems t o  be i n  t n e  r i g n t  oraer .  

Af te r  t h e  peak value t h e  temperature does not seem t o  drop rapidly.  

This may show t h a t  t h e  vapor i n  the  bubble i s  a poor thermal conductor. 

I n  t h e  future, t h e  heat t r a n s f e r  problem of the vapor may be analyzed 

t o  c o r r e l a t e  with t h e  experimental measured temperature h i s to ry .  

This m a y  be con- 

For 

Figure 5 shows t h e  i n i t i a l  growth sequence of a s ing le  bubble around a 

thermocouple junc t ion  a f t e r  being h i t  by t h e  l a s e r  beam under t h e  condi- 

t i o n s  of experimental run  10. 

at 8ooc, and the l a s e r  vol tage was maintained a t  1200 v o l t s .  

grows a t  a r a t h e r  fast pace during t h e  first few frames, but  it begins 

t o  shr ink after t h e  4th frame and becomes ablong i n  shape a f t e r  about t h e  

10 th  frame. A f t e r  about t he  16th frame t h e  bubble begins t o  be unstable .  

This shows that t h e  higher degree of subcooling tends t o  co l lapse  t h e  

bubble as it should, although the  state o f  t h e  col lapsing 

not obtained due t o  t h e  high speed chosen. 

second thermocouple does not shows any changes, t h i s  i s  due t o  t h e  d is tance  

between the two tnermocoupies i s  Larger than .025-inch so  that t h e  bubble 

d i d  not reach the second thermocouple. 

The temperature of t h e  water was kept 

The bubble 

t h e  bubble was 

The temperature t r a c e  of t h e  

Corresponding t o  t h e  conditions s e t  f o r t h  f o r  Figure 5 ,  t h e  temperature 

trace of t h e  f i rs t  thermocouple junct ion was obtained as shown i n  t h e  

Po la ro id  p i c t u r e  of Figure 8. The t r e n d  of t h e  temperature r ise  of t h e  
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f i r s t  thermocouple i s  about similar t o  that fo r  Figure 7. The peak 

temperature i s  about 225'F with 5 mv. per cm. scale.(The time sca le  
.. 

. .  

i s  1 millisecond per  cm f o r  t h e  abscissa.)  The temperature t r a c e  for ' 

t h e  second thermocouple shows a rise of peak value i n  the order of 

about .4 m i l l i v o l t s ,  which corresponds t o  a temperature r i s e  of about 

15% vith 2 s z c . k  of .5  ire. p i -  h. 

I I .  

'jl, i o  t'nis momenz, not enough 

data a r e  taken t o  give any quant i ta t ive  ana lys i s  of t h e  thermal boundary 

l aye r  thickness  around the in t e r f ace  between t h e  vapor and t h e  l iquid.  

I n  the future, hopefully, t h i s  information may be obtained experimentally. 

According t o  t h e  literature, this boundary layer  thickness  i s  of the  

order of .006 inches.  

Figure 6 shows t h a t  a s ingle  bubble was i n i t i a t e d  on a f la t  t h i n  metal 

p l a t e  corresponding t o  t h e  conditions of  experimental run IB i n  a water 

pool  of 94OC, t he  l a s e r  voltage was 1350 vo l t .  

, . 

The non-sphericity of 

the  bubble during i t s  i n i t i a l  growth period i s  not as bad, although from 

about t he  10th frame the re  e x i s t s  contact angle between t h e  bubble and 

the metal surface,  thus t h e  bubble deviates  from the  spher ica l  shape. 

A s  t he  bubble grows l a rge r ,  up t o  about t he  18th frame, t h e  bubble tends 

t o  be crown shaped r a t h e r  than the spherical .  

s t i l l  maintains a good spher ica l  shape. 

lar  t o  those bubbles produced by the  conventional bo i l ing  process.  

The top  p a r t  of  t he  bubble 

The bubble shape seems t o  be simi- 

Figure 9 shows a polar iod p ic ture  of t he  temperature obtained from t h e  

chromel-constantan thermocouple junction of about .004 inches i n  diameter 

with .OOl-inch diameter ' lead wires, placed about ,030 inches above the  

p l a t e . '  The peak temperature shows about a 1g0F temperature r i s e  with a ' s c a l e  

of  0.2 mv. per cm. and a time scale  of 1 millisecond i n  abscissa.  The 

temperature seems t o  s t a y  at a constant level., presumably t h e  vapor temperature. 



* 

.. 
I 

. .  

BUBBLE GROWTE RATE 

The radius of t h e  bubble was measured through an enlarger  on a frame 

by frame bas i s .  These a r e  p lo t t ed  i n  Figures 10 through 14. 

Figure 10 represents  t he  i n i t i a l  growth of t h e  bubble around a thermocouple 

junc t ion  f o r  experimental runs ?A, 3A, 4A and 5A. 

r a t e  of the bubble i s  f a s t e r  f o r  a higher l a s e r  vol tage o r  l a s e r  energy; 

the results give a cons is ten t  .trend. 

The i n i t i a l  growth 

Figure 11 shows t h e  i n i t i a l  growth of t he  bubble from a f l a t  p l a t e  f o r  

experimental runs 1B and 3B at two d i f f e r e n t  energy inputs .  It i s  a l s o  

cons is ten t  t o  see t h a t  the bubble grows f a s t e r  i n  the  i n i t i a l  phase f o r  

a higher  energy input .  

Figure 12 shows t h a t  i n i t i a l  growth within t h e  f i r s t  320 microseconds 

of t h e  experimental runs 2A, 3A, 4A, 5A, 1B and 3B p l o t t e d  aga ins t  the 

square root  of time. It i s  i n t e r e s t i n g  t o  see t h a t  most of t h e  results 

follow a s t r a i g h t  l i n e  r e l a t i o n  as predic ted  i n  t h e  l i t e r a t u r e .  

c 

Figure 13 represents  t he  i n i t i a l  growth o f  a s ingle  bubble around a 

thermocouple junc t ion  f o r  t h e  experimental runs 7, 8, 9,  10 and 11 at 

var ious  subcooled temperatures. After  about 200 microseconds it i s  

obvious t h a t  t h e  bubble grows less f o r  a higher subcooled temperature 

o r  lower water temperature. 

Figure 14 shows t h a t  t h e  i n i t i a l  growth r a t e  p l o t t e d  against  t h e  square 

r o o t  of time a l s o  follows a l i n e a r  r e l a t i o n  f a i r l y  bell.  

I n  general ,  t h e  experimental r e s u l t s  a r e  qui'te cons is ten t  i n  t rends .  They 

do give reasonable qualitative results as  w e l l  as p a r t i a l  quan t i t a t ive  
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r e s u l t s .  

fu ture ,  a much more quant i ta t ive analysis  w i l l  give b e t t e r  answers t o  

the  bas ic  problem of bubble dynamics and b o i l i n g  heat t r a n s f e r .  

A s  more sophis t icated instrumentation i s  developed i n  the  

C ONCLUS I ONS 

I n  conclusion, t h e  i n i t i a t i o n  of a s ingle  bubble by the  use of a l a s e r  

beam i s  f e a s i b l e .  

The growth r a t e  during the  i n i t i a l  stage of t h e  bubble growth i n  the  

order of 300 microseconds seems t o  follow a l i n e a r  r e l a t i o n  with the  

square root  of time as predicted i n  the l i t e r a t u r e ,  although a t  t h i s  

s tage of the  study the  instrumentation may not be sophis t icated t o  give 

a precise  quant i ta t ive  r e s u l t .  

The s p e r i c i t y  of a s ingle  bubble i s  reasonably good. 

FUTURE STUDY 

I n  the  fu ture ,  the  techniques of temperature measurements a re  t o  be 

improved, more experiments are  t o  be conducted t o  obtain good reproducible 

runs under various conditions,  p a r t i c u l a r l y  various l i q u i d s  of d i f f e r e n t  

v i s c o s i t y  and surface tension are t o  be considered such t h a t  the  e f f e c t  

of t h e  surface tension and v iscos i ty  may be s ingled out.  I n  the  mean 

time the  a n a l y t i c a l  solut ion of bubble dynamics and heat t r a n s f e r ,  

including v i s c o s i t y ,  may be obtained. The cor re la t ion  between experimental 

runs and a n a l y t i c a l  solut ions are t o  be considered. 

. 
21 
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